Approximately 1% of the Xenopus laevis genome consists of highly repetitive DNA known alternatively as OAX (for Oocyte Activation in Xenopus), Satellite I, or Repetitive HindIII Monomer 2. Present as tandemly repeated units of approximately 750 base pairs, OAX encodes a family of small RNA species transcribed by RNA polymerase III. Although the subject of many of the classic studies on early embryonic gene regulation, reports on OAX expression remain contradictory and incomplete. Using whole-mount in situ hybridization and RNase protection assays, we have therefore examined in detail the expression pattern of OAX in Xenopus embryos of various stages. OAX is initially expressed during gastrula stages; by tailbud stages embryos display discrete zones of expression at the dorsal boundary of the cement gland, in the developing somites and differentiating skeletal muscle, as well as in the dorsal aspect of the neural tube. These data demonstrate that OAX is expressed in a dynamic pattern under tight spatial and temporal regulation. q
Results
Although it has been over 30 years since the classic paper of Britten and Kohne (1968) reporting the prevalence of repetitive elements in the eukaryotic genome, the role of these sequences remains unclear. While many studies have focused on their possible role in gene regulation (Hanke et al., 1995; Babich et al., 1999; Donnelly et al., 1999) ; chromatin organization (Pasero et al., 1993; Shapiro, 1999) , and molecular evolution (McDonald, 1995; Miyamoto, 1999) , there has been less emphasis on the spatial and temporal expression of these elements (see, however,-Brosius, 1999; Li et al., 1999) . This is particularly true for OAX (for Oocyte Activation in Xenopus), a 750 bp tandemly repeated element thought to be derived from a tRNA gene (Ackerman, 1983) . Comprising up to 1.35% of the Xenopus genome, the individual repeats diverge by about 4%, with each containing a potential 180±250 bp transcript driven by an internal Pol III promoter. However, information on endogenous expression remains incomplete and frequently contradictory, ranging from reports of lack of expression (Lam and Carroll, 1983) to expression primarily or exclusively in oocytes (Ackerman, 1983; Wolffe, 1989) , transiently at the mid-blastula transition (Lund and Dahlberg, 1992) or through gastrula-neurula stages (Andrews et al., 1991) . In order to resolve this con¯icting data, we characterized the developmental expression of OAX DNA using whole-mount in situ hybridization and RNase protection analysis.
OAX clones were obtained via low stringency PCR on Xenopus genomic DNA using opioid receptor primers designed by Schafer et al. (1994) . Given that opioid receptor genes are not known to contain or share homology with repetitive elements, these OAX clones were obtained fortuitously. However, of the 20 clones isolated and sequenced in two independent PCR reactions, sequence analysis revealed that 17 of them shared between 88 and 96% identity with OAX DNA in GenBank. To determine the spatial expression pattern of OAX, whole-mount in situ hybridization was performed with one of the clones (K11, GenBank accession number AF225412). Expression of OAX was not detectable during gastrula or neurula stages (Fig. 1A) . However, by tailbud stages, expression is evident in the cement gland (Fig. 1B,C) . Throughout tailbud and hatching stages, OAX signal continues to be detectable in the cement gland and in the somites, progressing in an anterior to posterior pattern, as well as in the ventral epidermis ( Fig. 1C,D) . By swimming tadpole stages (Fig. 1E ), although signal is observed in the differentiating skeletal muscle in a pattern very similar to Xenopus thrombospondin 4 (Urry et al., 1998) , the somitic expression is receding and the transient expression in the cement gland is no longer present.
Histological sections of the embryos con®rmed the expression patterns of the whole-mounts but also revealed striking spatial restriction within certain tissues. Transverse sections of tailbud embryos revealed OAX expression at the very dorsal border of the cement gland (Fig. 1G,H) . More posterior sections showed discrete, localized expression in the very dorsal (roof plate) region of the developing spinal cord as well as a band of expression in the somites (Fig. 1H±  J) . Sense controls were performed with every in situ hybridization experiment and never showed any positive signal (Fig. 1F,L) . In addition, three additional OAX clones (GenBank accession numbers AF225413, AF225414, AF225415) were used to generate both sense and antisense probes for in situ hybridization and produced identical expression patterns (data not shown).
In order to con®rm the surprising results of the in situ hybridization experiments, RNase protection assays were performed. OAX RNA was ®rst detectable at gastrula stages, suggesting low levels of broadly expressed RNA. Consistent with the in situ hybridization analysis, RNA levels reached a peak at tailbud and swimming tadpole stages before to declining during later embryogenesis (Fig. 2) . RNase protection assays using equalized amounts of RNA from dissected tissues at tailbud and hatching stages con®rms the in situ hybridization pattern by demonstrating that the head (containing the cement gland) and the dorsal regions (containing the spinal cord and somites) displayed higher levels of signal than the ventral region.
Taken together, both the in situ hybridization and RNase protection experiments demonstrate a striking pattern of spatially restricted OAX transcripts in speci®c tissues of the developing embryo. Although previous studies reported that expression was restricted to oocytes or very early embryogenesis, the conclusions from these studies were based largely upon assaying for the presence of OAX transcripts following injection of total genomic DNA into variously staged embryos or following in vitro transcription assays using embryo extracts (e.g. Ackerman, 1983; Wake®eld et al., 1983; Wolffe, 1989; Andrews et al., 1991) . There are no studies employing in situ hybridization or RNase protection analysis. Although formally possible that the presence of OAX RNA is the result of readthrough from an upstream promoter, the high copy number of OAX sequences in both orientations and the lack of any detectable signal with the sense probes even following long exposures makes this unlikely. Moreover, the lack of staining in the head region or with the sense probe supports the idea that hybridization is not due to nuclear DNA in regions of high cellular or nuclear content. It is possible that following the original transposition event, a novel transcript was created and coopted or`exapted' into a cellular role, such as the repetitive elements that serve as the Drosophila telomeres (Mason and Biessmann, 1995) or the BC200 RNA (Martignetti and Brosius, 1993) . In light of the opioid receptor primers used to isolate these OAX genes, it is particularly noteworthy that retroposons are postulated to have given rise to intronless genes such as the GPR family, of which the opioid receptor is a member (Brosius, 1991) . Moreover, the areas of expression of OAX all represent Fig. 2 . RNase protection analysis of OAX RNA. Embryonic stages according to Nieuwkoop and Faber (1967) are as indicated. Dissections were performed by removing the tissue anterior to and including the presumptive ear region (head), and dividing the carcass into two pieces just below the pronephric region with one piece containing the spinal cord and somites (dorsal) and the other consisting of the gut region (ventral). Cytoplasmic actin serves as the internal positive control in all assays. regions of active cell determination or organogenesis. Although it remains unclear whether this dynamic expression pattern is attributable to a single OAX element or multiple elements, these data nevertheless demonstrate a tightly regulated, tissue-speci®c expression of OAX, or a highly related transcript, throughout Xenopus embryonic development.
Material and methods
OAX clones were isolated using low stringency PCR following standard procedures (Sambrook et al., 1989) and cloned into Bluescript SK1. DNA was sequenced with a LiCor 4200 automated sequencer. Probes for the in situ hybridization and the RNase protection assay shown were generated by linearizing the clone designated OAX-K11 with HindIII and transcribing with RNA polymerase T3 (for antisense) and NotI and transcribing with T7 (for sense). For the RNase protection assay this generated a probe of 630 bases and a prominent protected fragment of 230 bases. The actin probe was generated as described in Smolich et al. (1994) . RNA was extracted from tissues using standard procedures (Sambrook et al., 1989) and RNase protection assays performed as described in Saha and Grainger (1992) . In situ hybridization was carried out essentially as described by Harland (1991) with histological sections obtained by embedding in paraf®n and sectioning at 10 mm.
